The pseudogap phenomena have been a long-standing mystery of the cuprate high-temperature superconductors. Unlike the pseudogap in hole-doped cuprates, however, the pseudogap in the electron-doped counterpart has been attributed to band folding due to short-range antiferromagnetic (AFM) order. We performed angle-resolved photoemission spectroscopy measurements on electron-doped cuprates showing spin-glass and disordered AFM behaviors at low temperatures, and found that the gap magnitude decreases in the antinodal region contrary to the hole-doped case. Moreover, the spectra do not always show band folding at the AFM Brillouin zone boundary in contradiction with the requirement of the AFM band-folding picture. These features are consistent with cluster dynamical-mean-field-theory calculations which predict an s-symmetry pseudogap that shrinks in the andinodal region. The present results support the scenario that the proximity to the Mott insulator, without relying on the well-developed AFM correlation, gives rise to a momentum-dependent pseudogap of s-symmetry with indirect gap commonly in the electron-doped and hole-doped cuprates, implying a universal origin of the pseudogap with a similarity to the Mott gap formation.
One of the most unusual and intriguing feature of the cuprate superconductors is the pseudogap phenomena. So far, a variety of proposals have been made as the origin of the pseudogap. Among them, preformed Cooper pairs [1] and competing orders such as charge order [2] and nematic order [3, 4] have been extensively discussed. Another scenario is the proximity to the Mott insulator, which is compatible with the universality of the pseudogap. Cluster dynamical-mean-field-theory (CDMFT) calculations based on the Hubbard model for hole-doped cuprates are consistent with this scenario, where a pseudogap of s-symmetry opens between split quasi-particle (QP) bands in the entire momentum space [5, 6] . The split QP bands mostly reside on the unoccupied side of the Fermi level (E F ) except for the antinodal region, where the lower band moves to below E F so that the pseudogap becomes detectable by angle-resolved photoemission spectroscopy (ARPES). Such a highly electron-hole asymmetric pseudogap has been detected by an ARPES experiment at relatively high temperatures covering a few tens meV above E F [7] and an electronic Raman scattering experiment [6] . However, ARPES cannot access the major part of the pseudogap in the hole-doped cuprates, which extends up to several hundreds meV above E F . In the present work, we have made detailed ARPES measurements on electron-doped cuprates, where the major part of the pseudogap appears below E F and is accessible by ARPES.
The pseudogap of the electron-doped cuprates has been observed through the measurements of optical conductivity [8, 9] , scanning tunneling spectroscopy [10] , and ARPES [11] [12] [13] [14] [15] [16] [17] [18] . Its origin has been considered to be disordered antiferromagnetism since the spectral intensity is strongly suppressed around the "hot spot", where the Fermi surface and the AFM Brillouin zone (BZ) boundary cross each other. If mean-field-type AFM band folding gives rise to the pseudogap, the magnitude of the gap ∆ AF should be constant along the AFM BZ boundary. However, an ARPES study by Matsui et al. [12] has shown that ∆ AF decreases with approaching the antinodal region on the AFM BZ boundary. Ikeda et al. [16] have also concluded from the band structure observed by ARPES that ∆ AF becomes zero around (π, 0) and (0, π). Park et al. [13] interpreted their ARPES results so that ∆ AF is constant throughout the momentum space but is apparently reduced around (π, 0) because antiferromagnetism is inhomogeneous and short ranged. Most of theoretical studies, either with weak-coupling [19] or strong-coupling treatment [20] , have not explicitly shown the momentum dependence of the AFM gap, whereas a variational MonteCarlo study based on the two-dimensional t − t ′ − t" − J model by Chou and Lee [21] has shown that ∆ AF decreases as one goes from the hot spot to (π, 0). The deviation of the band structure from the simple band-folding picture should contain important information about electron correlation to understand the pseudogap phenomena not only in the hole-doped cuprates, but also in the electron-doped cuprates. However, comparison of holeand electron-doped cuprates to extract universal features of the pseudogap formation has not been pursued with ARPES spectra of a protect-annealed PLCCO (x = 0.02) single crystal. a, Fermi surface mapping. Spectral intensity integrated within ±20 meV of EF is plotted. b-f, Band images taken along the cuts indicated in (a). The AFM BZ boundary is shown by dashed red lines in each panel. g-k, Corresponding second derivatives with respect to energy. theoretical examinations.
In this Article, we report on an ARPES study of the electron-doped cuprate Pr 1.3−x La 0.7 Ce x CuO 4 (PLCCO, x = 0.02) showing spin-glass and disordered AFM behaviors at low temperatures. The sample was protectannealed under strongly reducing condition to efficiently remove excess oxygen [22] . We have investigated the band structure along various directions in momentum space, and found that the pseudogap is indeed strongly momentum dependent and becomes invisible in the antinodal region. The results are consistent with CDMFT calculations, and support the scenario that the proximity to the Mott insulating state universally gives rise to the s-symmetry pseudogap both for the hole-and electrondoped cuprates as if they are miniaturized Mott gaps. Figure 1 shows the Fermi surface, band images, and their second derivatives with respect to energy of a protect-annealed PLCCO (x = 0.02) sample. The band is gapped at E F at the node (cut #1), and the gap below E F increases in going from the node to the hot spot (cut #2). On approaching the antinode, the upper split band is lowered below E F and produces a finite spectral intensity at and below E F . These features are characteris- tics of the electron-doped cuprates as have been reported in previous studies [12] [13] [14] [15] [16] [17] [18] . Now we look into more detail of the band structure. At the node and the hot spot (cuts #1 and #2), as the band disperses from higher binding energy toward E F , it disperses back to higher binding energy beyond the AFM BZ boundary, producing a local band maximum at the AFM BZ boundary (Figs. 1g and h) as expected for band folding due to the Q = (π, π) AFM order. Once the upper band is lowered below E F (cuts #3, #4, and #5), however, the lower band is no longer folded and disperses straightly across the AFM BZ boundary.
The experimentally obtained band image along the AFM BZ boundary, its second derivative with respect to energy, and energy distribution curves (EDCs) are, respectively, shown in Figs. 2a-c. Starting from (3π/2, π/2), the peak position of the EDC shifts smoothly toward higher binding energy, but shows a sudden backward shift when the spectral intensity of the upper band emerges below E F . Once the upper band reaches the binding energy of ∼ 50 meV, the magnitude of the gap decreases, the QP peak widths increase, and the two peaks become unresolved around (π, 0). Resulting spectra around (π, 0) are considerably broad and incoherent. Qualitatively consistent ARPES spectra were also obtained for a protect-annealed PLCCO sample with x = 0.05, which exhibits superconductivity as well as lower magnetic ordering temperature (See Supplementary Note 1 and Supplementary Fig. 1 ). According to the mean-field-type band-folding picture within the tight-binding model on the square lattice consisting of the Cu 3d x 2 −y 2 orbitals with the Q = (π, π) AFM order [12, 13, 16] , the band splits as
where t, t ′ , and t" are transfer integrals between the nearest-neighbor, second-nearest-neighbor, and thirdnearest-neighbor Cu sites, respectively. 2∆ AF represents the potential difference between the two spin sublattices. Within this model, the splitting between the upper and lower bands should be constant along the AFM BZ boundary, and one cannot explain the observed momentum dependence.
Assuming different types of bands between around (3π/2, π/2) (finite ∆ AF ) and around (π, 0) (without ∆ AF ), we have fitted the band dispersions along the AFM BZ to the tight-binding model. Hopping parameters and ǫ 0 were set to be identical between the two regions. The best fit obtained with the parameters of t = 0.25 eV,
02 is plotted in Figs. 2a and b by solid curves in the region relevant to the fitting. ∆ AF = 0.11 eV yielded the best fit around (3π/2, π/2) while the unsplit band better reproduces the band dispersion around (π, 0). In order to see possible effects of photoionization matrix elements, we have also examined the band dispersion along the AFM BZ boundary in a different direction, from (π, 0) to (π/2, π/2). As plotted in Fig. 2d , the observed band dispersions are identical to the dispersions from (π, 0) to (3π/2, π/2) (Figs. 2a and b) . In Figs. 3b-d, band images along several cuts perpendicular to the AFM BZ boundary (Fig. 3a) are plotted. Along all the cuts (#1-#3), we have fitted the band dispersions to the unsplit band around (π, 0) and to the split ∆ AF = 0.11 eV bands outside this region [see Fig. 3e ]. The present results thus highlight the momentum dependence of the band splitting and the spectral feature in the electron-doped cuprates: the large pseudogap and sharp spectra around (π/2, π/2) and the reduced pseudogap and broad spectra near (π, 0). Now we shall go beyond the phenomenology using the tight-binding model and discuss the physical origin which gives rise to the non-monotonic momentum dependence of the pseudogap. Since the lower energy band around the antinode does not show band folding across the AFM BZ boundary (Figs. 3b-d) , the pseudogap does not originate from AFM order. One scenario to explain the overall band structure without assuming AFM order is the s-symmetry pseudogap recently proposed by Sakai et al. [5, 6] . From CDMFT calculations based on the Hubbard model, they have shown for the hole-doped cuprates that the pseudogap of s-symmetry opens in the entire momentum space due to the proximity to a Mott insulator. Both split bands, namely, the QP band originating from the lower Hubbard band and the in-gap states induced just above it, reside above E F around (π/2, π/2) while around (π, 0) the lower band (QP band) disperses to below E F [left panel of Fig. 4a ]. More precisely, the size of the gap is smaller around (π/2, π/2) than around (π, 0). Since unoccupied states cannot be detected by ARPES, a pseu- dogap is observed predominantly around the antinode. In order to see its connection to the electron-doped case, we shift the chemical potential from the lower Hubbard band to the upper Hubbard band as shown in Fig. 4a . The ingap states are now induced just below the upper Hubbard band. In the right panel of Fig. 4a , which describes the electron-doped case, both split bands are occupied around the antinode in contrast to the hole-doped case while only the lower one is occupied around the node, reproducing the present experimental results. The fully gapped structure at the node cannot be accounted for by the d-wave gap with particle-hole symmetry expected from the pairing precursor.
Following the above consideration, we have carried out 2 × 2 CDMFT calculations of the Hubbard model for the paramagnetic state using parameters n = 0.11, t ′ = −0.3t, and U = 8t, where n (> 0) is the doped electron concentration and U is the on-site Coulomb repulsion. n has been set close to the value deduced from the observed Fermi surface area n FS = 0.104, which is considerably larger than the nominal Ce concentration of x = 0.02. This Fermi surface area estimated assuming a folded electron-like Fermi surface is consistent with that estimated from unfolded hole-like Fermi surface obtained by tracking the remnant intensity at E F [23] . Such excess electrons compared to the nominal Ce content are due to oxygen vacancies resulting from the strong reduction of protect annealing as reported by recent ARPES studies [18] . The t ′ /t value has been derived from densityfunctional-theory calculation [16] . The obtained spectral function has been multiplied by the Fermi-Dirac function and resolution-broadened for comparison with the ARPES spectra.
The spectral function calculated along the AFM BZ boundary plotted in Fig. 4c indicates that the pseudogap shrinks on approaching (π, 0), which explains the experimental results (Fig. 2) . The electron-concentration dependence of the calculated spectra is also qualitatively consistent with the experimental results (See Supplementary Fig. 2 ). Another remarkable point is that the calculated antinodal spectrum in Fig. 4e reproduces the essential characteristics (cut #5 in Fig. 1 , cuts #1 and #2 in Fig. 3 ) that the lower band is not folded at the AFM BZ boundary but disperses across it. The antinodal spectra shown in Figs. 3b-d indicate that the upper band loses intensity and the pseudogap opens once it reaches the binding energy of ∼ 50 meV, which cannot be explained by the mean-field-type AFM picture. Within the present CDMFT framework, this can be understood as a consequence of hybridization between the QPs and "hidden Fermions" [blue dashed curve in Fig. 4a ] only weakly dispersing around 50 meV below E F [24] . The nodal spectra (Fig. 4d ) also lose intensity across the AFM BZ boundary in a similar manner to the corresponding ARPES spectra (cut #1 in Fig. 1) .
The overall consistency between the paramagnetic CDMFT result and the ARPES spectra is found in i) ssymmetry gap, ii) the electron-hole asymmetry, iii) the reduction of the gap in the antinodal region, and iv) the absence of band-folded gap formation along the AFM BZ boundary. They imply that the pseudogap of electrondoped cuprates originates not from AFM ordering but from the strong electron correlation, as has been proposed for the hole-doped cuprates [5, 6] . Although the size is much smaller, the momentum dependence of the gap structure (Fig. 2) with an indirect gap (cut #5 in Fig. 1 , cuts #1 and #2 in Fig. 3) shows a remarkable resemblance with the Mott gap as one sees in Fig. 4a (See Supplementary Fig. 2 for the calculated spectral function including the unoccupied side), in contrast to the direct gap expected in the case of the AFM gap.
The variational Monte-Carlo study of the twodimensional t − t ′ − t" − J model by Chou and Lee [21] carried out for the AFM ordered state has also predicted that the magnitude of the gap decreases on approaching (π, 0). Our CDMFT calculation has been conducted for the paramagnetic state but short-range AFM correlation has been taken into account. Despite some differences between these two calculations, qualitative similarity of the momentum dependences suggests a universal mechanism of the gap narrowing in the antinodal region. Since both of the split bands are located above E F in the nodal region of the hole-doped case and below E F of the electrondoped case in the antinodal region, these momentum regions do not gain the energy by the gap opening. This commonly accounts for the diminished gaps in the both cases. It should be noted that this momentum dependence is clearly unrelated to the precursor of d-wave superconductivity, which must be symmetric with respect to E F . The enhanced gap in the nodal region is also interpreted as a stronger hybridization strength with the "hidden Fermion", as a consequence of emergent self-organization to lower the energy [24] .
Recently, it has been demonstrated that the superconducting transition temperature T c of electron-doped cuprates have a doping dependence similar to that of the hole-doped cuprates when the doping level is evaluated from the Fermi surface area n FS measured by ARPES [23] , and the renewed cuprate phase diagram looks more electron-hole symmetric than previously thought. The present study has further elucidated that the Mott physics is the common origin of the pseudogaps observed in the electron-and hole-doped cuprates. These new findings will allow a unified understanding for both types of cuprates from a new perspective. Deeper understanding of the similar momentum dependences of the Mott gap and the pseudogaps of the hole-doped and electron-doped cuprates will be an intriguing future issue.
In conclusion, we have carried out ARPES measurements on the non-superconducting protect-annealed electron-doped cuprate PLCCO (x = 0.02) which shows spin-glass behavior and disordered antiferromagnetism at low temperatures, and investigated the nature of the "antiferromagnetic" pseudogap. By examining the band structure in the wide momentum range, we have revealed that the magnitude of the pseudogap is strongly momentum dependent and is reduced around (π, 0). The results are qualitatively explained by a CDMFT calculation based on the Hubbard model, according to which the pseudogap shows a minimum around (π, 0) and the spectra in that momentum region do not show band folding. This agreement suggests the important role played by strong electron-electron correlation for the pseudogap formation in the electron-doped cuprates, and supports the scenario that an s-symmetry pseudogap arises in the cuprates commonly to the Mott insulating gap from the same underlying physics.
Methods

Sample preparation
Single crystals of PLCCO with x = 0.02 were synthesized by the traveling-solvent floating-zone method. First the sample was protect-annealed at 825
• C for 24 hours and then annealed at 400
• C for 48 hours. Annealing generally suppresses the QP scattering rate [25] and sharpens ARPES spectra [15, 17, 18] , which enables us to determine the band structure precisely. The annealed x = 0.02 sample showed metallic behavior at high temperatures, but was not superconducting. According to muon-spin-rotation measurements, the sample showed disordered antiferromagnetism below 140 K, but the magnetic susceptibility showed difference between field cooling and zero-field cooling below ∼ 15 K, indicative of a spin-glass behavior [26] (See Supplementary Note 2 and Supplementary Fig. 3 ).
ARPES measurements ARPES measurements were carried out at beamline 5-4 of Stanford Synchrotron Radiation Lightsource. Circularly polarized light with hν = 16.5 eV was used. The total energy resolution was set at 15 meV. The sample was cleaved in-situ under pressure better than 3 × 10 −11 Torr and measured at 10 K.
CDMFT calculation
CDMFT calculation was performed with 2 × 2 interacting cluster coupled to eight bath sites. The cluster impurity problem was solved with the exact diagonalization method at zero temperature. The spectra were calculated with an energy-broadening factor 0.05t and a cumulantinterpolation technique [27] in momentum space. is insulating, the protect-annealed sample shows metallic behavior down to ∼ 50 K, probably due to the removal of impurity apical oxygen atoms. According to muon-spinrotation (µSR) measurements, the rotation of muons were observed for both samples at low temperatures. The magnetic ordering temperature determined from µSR spectra, defined as a temperature where magnetic volume fraction develops to 50 %, is 240 K and 140 K for the as-grown and annealed samples, respectively. The µSR spectra suggest that the AFM order in annealed PLCCO (x = 0.02) is not long ranged. The magnetic susceptibility of the annealed sample exhibits hysteresis as shown in Fig. 3b , which is indicative of a spin-glass behavior [1] . 
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